Abstract-This paper presents new developments in inorganic scintillators widely used for radiation detection. It addresses major emerging research topics outlining current needs for applications and material sciences issues with the overall aim to provide an up-to-date picture of the field. While the traditional forms of scintillators have been crystals and ceramics, new research on films, nanoparticles, and microstructured materials is discussed as these material forms can bring new functionality and therefore find applications in radiation detection. The last part of the contribution reports on the very recent evolutions of the most advanced theories, methods, and analyses to describe the scintillation mechanisms.
physics (HEP) calorimetry, industrial control, and oil drilling exploration. Among them, inorganic materials occupy a large part of the research activity and the market share, estimated at about $350 million in 2015. More than one century after the first use of a scintillating material, the research is still very active as detector technologies are progressing, functionalities and performances of ionizing radiation systems are changing, and material synthesis methods and related knowledge have been greatly improved and extended. Theory and modeling of scintillation mechanisms have significantly been improved since that time. The purpose of this contribution is to present the very recent advances and trends in inorganic scintillation science. A particular focus is given on emerging fields of interest related to scintillation regarding materials. Of course, it is not currently expected that the presented materials will soon be the substitutes for the widely used compounds, such as NaI:Tl, CsI:Tl, and Lu 2 SiO 5 :Ce, but it is believed that the described areas have potential to outperform some of the quality criteria as compared with the well-established compounds. As described latter, some of these quality criteria are well connected with the emerging needs requiring particular ionization radiation response.
The discovery of new scintillators has been an important subject of research for years. Two main events have largely contributed to these successful discovery efforts: the advent of the "Crystal Clear Collaboration" (CCC) [1] back in 1990 headed by CERN and the SCINT conference creation in 1992 (originally called Crystal 2000) [2] . In the past decades, research on the scintillating materials was dominated by the needs for positron emission tomography (PET) and high energy calorimetry. Most of the applications using scintillating materials were based on the density, scintillation, and time response performances. Based on these three parameters, an impressive number of heavy cation (particularly lutetium)-based hosts doped with Ce 3+ or Pr 3+ have been investigated. Some attempts are currently made with hafnium-or thalliumbased materials. Homeland security requires widely deployed detectors for γ -ray spectroscopy. Decay time is less critical but a strong requirement regarding the energy resolution emerged, and Eu 2+ -doped halides have been extensively developed in this framework.
Nowadays, the requirements in terms of performance are more and more demanding. Time-of-flight (TOF) applications ask for sub-100 ps time resolution; for homeland security, energy resolution down to 2%-3% for large crystals is desired and neutron/γ discrimination is always wanted. Fast neutron 0018-9499 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
detection is also needed. In high energy calorimetry, strategies to add the electromagnetic and nonelectromagnetic particle discrimination functionalities are developed. Bolometry for rare events search, such as double β decay or weakly interactive massive particle as candidate for dark matter, requires extraordinarily radio-pure scintillating crystal operating at a few mK. As a result, the current and probably future research tends toward the development of very specialized scintillators. Designs of detector include various scintillator types to combine the best performance of each start to appear. Hybrids or metamaterials are a new tendency. Discovery of a new material has a different meaning than in the past, since, now, each performance parameter has to be optimized. As an illustration, codoping a known material changes drastically its performances as will be described latter. Nanoparticles are also more and more developed and studied for scintillating applications. Apart from their composition, changing their shape can give rise to a new material. It generally refers more to light collection rather than to light production, thus playing an important role for imaging applications. Of course, most of the described field of interest are far to be mature, and some first published results may need to be further validated and/or reproduced, and this paper invites the scintillation research community to do. This paper focuses first on the emerging needs requiring new scintillation performances. A particular attention is given on requirements for nuclear security, ultrafast timing, fast imaging, fast neutron detection, and the new needs for HEP. Consequently, this paper presents recent and very recent new developments, such as codoping, nanomaterials, eutectics, and crystalline fibers, that can, in addition to the more mature technologies, address some of the required criteria. All these developments being connected to the knowledge of the scintillation mechanisms, it is crucial to describe the recent progress of these aspects as well.
II. CURRENT DEMANDS

A. Nuclear Security
The uses of detector materials for nuclear security are numerous and varied in scope: direct search, detection, and identification of nuclear materials; contamination zone mapping; materials control and accounting; material diversion detection and unattended monitoring; arms control and treaty verification; countering the threat of nuclear materials smuggling; and so on. These applications have a range of requirements, from small high-performance detectors to large highefficiency detectors, and also a wide range of production quantities, from a few detectors to hundreds or even thousands and sizes as varied as a few cc to large arrays covering square meter areas. Radiation detector materials are the core sensing technology that drive capabilities and impose limitations. The discovery of new scintillators toward the national security issues has been an important subject of research in the last decade triggered in large part by a significant input of U.S. research funds starting in 2008, as shown in Fig. 1 . While the CCC was originally set up to develop scintillator for HEP and latter for medical applications, it has produced a number of new scintillator crystals and has contributed to major advances in fundamental understanding of scintillation applicable to the national security needs. In the last decade, the search for new scintillators for national security was mainly focused on finding the ideal scintillator for gamma spectroscopy with a high light output, a good proportionality, and an energy resolution of about 2% at 662 keV. Since 2008, a highthroughput search for new scintillators [3] mainly focused on halides has unearthed many new scintillators. New scintillators were discovered or improved outside of the traditional binary systems, such as NaI, CsI, and LaBr 3 . This effort has triggered other large discovery worldwide efforts and papers describing new scintillators have flooded the scintillation literature. Some of those are listed in [4] . Among oxides, the development of garnets of general formula Ln 3 (Al,Ga) 5 O 12 , where Ln is Y, Gd, or Lu, or some combination of those is significant. The Gd, Al/Ga garnets (GAGG) are now produced with a light output of about 60 000 ph/MeV closing the gap between oxides and the traditionally better halide scintillators. Activated with Ce, the garnets have a superior timing performance but timing is not a major constraint for most of gamma detection applications for national security as long as it does not exceed about 1 μs. The cumulative work on halides demonstrates that most halides designed from the periodic table columns I, II, and III to VI and having a proper bandgap to accept an activator are scintillators. Two new classes of halides have emerged which can be described as mixed halides that are solid solutions of binary halides and the complex halides with defined composition of three or more elements, such as the elpasolites [5] . Excellent scintillators with performance close to the theoretical limit in light output have been discovered or improved (e.g., BaBrI [6] , CsBa 2 I 5 [7] , [8] , and SrI 2 [9] ).
In parallel, a number of advances in the understanding of characteristics/mechanisms that drive scintillator performance have been made. Up to now, these advances have largely not translated to commercial products in part due to barriers to transition from discovery to production. Some issues that typically limit scaling of materials are related to difficult synthesis, poor consistency in performance, and/or an unacceptable production cost, an important factor for largescale deployment. The lack of clear understanding of the relationships between intrinsic and extrinsic defects in the materials and scintillation precludes a targeted approach to process optimization. For gamma spectroscopy alone, there is still a shortage of scintillators that can be grown easily and reproducibly in size of 2 inch and above maintaining excellent performance and an incomplete understanding of performancerelated scintillation mechanisms. The large discovery and development efforts, however, have not been in vain as efforts pulling together the fields of chemistry, materials sciences and engineering, materials physics, and computational sciences have provided major scientific contributions. Some examples are as follows.
• Use of Innovative Approaches to Material Development:
Advances in materials discovery (screening approaches, experimental and theoretical guided search, and materials informatics), improved synthesis and processing techniques, and development of novel material media (e.g., amorphous materials and transparent ceramics). • Improved Understanding of Scintillation Physics: Development and implementation of dedicated experimental tools and use of advanced computation approaches.
• Modern Approach to Process Development: Simulation and modeling of single-crystal growth and visualization/in situ diagnostics tools. The discovery of beneficial defect such as those introduced by codoping (see the following) has opened possibilities to improve some characteristics of a scintillator. Most notable is the improvement of the classic NaI:Tl scintillator used in many national security applications: improvement of its light output [10] , energy resolution [11] , and of both light output and energy resolution [12] . Consequently, improvements in key characteristics through materials engineering can dramatically improve capabilities and, in some cases, enable new capabilities. While better radiation detector materials can have significant benefit to both passive and active detection systems, it is now recognized that different applications will have different detector requirements. From progress in understanding the scintillation mechanisms, we are now in a position to better infer how to tailor the properties of a scintillator for specific nuclear detection applications.
B. Fast Timing
If the search and development of scintillators has been for a long time mainly focusing on improving the light yield and energy proportionality response in order to improve the energy resolution, a new trend for fast timing capability has recently emerged. This new requirement is mainly driven by HEP experiments to cope with higher event rates while minimizing pileup at high-luminosity colliders, as well as by TOF-PET applications to improve the image signal-to-noise ratio (SNR), with a first application for overweight patients and, ultimately, for opening the way to reconstructionless PET imaging. Timing resolutions in the 10-ps range are required in both cases, which boosts the research for scintillators with a high light yield, a short rise time, and a decay time, as well as for ultrafast scintillation mechanisms to produce prompt photons as a result of transient phenomena and/or quantum confinement.
1) Requirements for Particle Physics Experiments:
In the search for rare events, high-luminosity hadron colliders operate at high collision rates, which requires a short time response of the detectors. Decay times of the order of the bunch crossing time (25 ns at Large Hadron Collider (LHC), but as short at 500 ps for the compact linear collider [13] ), are necessary. The correct identification of bunches at the origin of an event implies, therefore, a timing resolution of at least 500 ps for all the recorded by-products of this event (particle tracks or energy deposited in calorimeters). Moreover, the high track density and event pileup pose serious challenges for physics event reconstruction and analysis. For energy measurements, one important source of degradation is represented by the contamination of neutral particles originating from secondary vertexes. A precise timing of both calorimeter deposits and vertexes can aid in the reconstruction, allowing the rejection of spurious energy deposits that are not consistent with the primary vertex time. At LHC, CERN, up to 40 pileup events can be produced at each bunch crossing at the designed luminosity of 2 × 10 34 cm −2 s −1 , which will reach 200 pileup events when the luminosity will be increased to 10 35 cm −2 s −1 at the high-luminosity LHC [14] . For a luminosity region of about 10 cm (bunch length), the collisions will be distributed over 300 ps (see Fig. 2 ). Precise association of collision tracks or jets would help mitigate the pileup. If this can be done for charged particles at high transverse momentum with particle tracking detectors, this approach will be much more difficult in the forward-backward region and even impossible for neutral particles. In this case, only TOF techniques can be applied as shown in Fig. 2 (right) , where the two crossing bunches are symbolized by gray and red bunches and the overlapping area is represented by a combination of those colors. Events generated in the middle of the experiment (z = 0) will generate tracks arriving at the same time in the forward and backward regions. On the other hand, events generated at any time off-center of the bunch-overlapping region will exhibit a TOF difference for the tracks generated in the forward and backward regions, as shown in Fig. 2 (t 2 -t 4 and t 5 -t 7 ). A mitigation factor of one order of magnitude necessitates a TOF precision of at least 30 ps [14] .
2) Requirements for Medical Imaging: In the domain of medical imaging, a new generation of TOF-PET scanners offers significant improvements in image quality. In a PET system, the image quality determined by the SNR can be drastically improved by using TOF information [15] . This additional time information improves the prior information on the exact localization of the positron emission point in the line of response (LOR) and, thus, contributes to the rejection of background events outside the region of interest, reducing the noise in the reconstructed image and increasing the image contrast. Without any time information, all points along the LOR have the same probability of being the origin of the β + emission, i.e., being emitted by the cancer cells, as shown in Fig. 3 . Including the TOF information, a certain region of the LOR can be identified to have the highest probability of being the origin of the β + emission. The image SNR gain of a TOF-PET system compared to a non-TOF-PET system can be expressed by the following equation, as described in [16] :
where D denotes the diameter of the volume to be examined (the patient dimensions), c is the speed of light in vacuum, and CTR is the coincidence time resolution achieved by the system. Assuming a patient diameter D of 40 cm (D = 40 cm), the SNR gain can reach a factor of 2.3, 5.2, and 16.4 for a CTR resolution of 500, 100, and 10 ps, respectively. Until recently, PET scanners did not have any TOF capability to localize the position of the positron decay along the LOR of the two γ -rays. Developments in fast scintillation crystals, photodetectors, and electronics have opened the way to TOF-PET scanners with CTR, improving progressively from 500-600 to 249 ps as recently announced by Siemens for their Biograph Vision scanner. Breaking significantly, the 100-ps barrier would not only dramatically improve the SNR, but the possibility to significantly remove artifacts affecting tomographic reconstruction in the case of partial angular coverage will open the field to a larger variety of organspecific imaging device as well as to imaging-assisted minimally invasive interventions by endoscopy. Ultimately, a time resolution of 10 ps would lead to an uncertainty of only 1.5 mm for a given positron disintegration along the corresponding LOR. Such accuracy is of the order of today's very best small animal or organ-specific PET spatial resolution. The time-consuming tomographic backprojection or iterative reconstruction algorithms would be considerably reduced, as true 3-D information would be directly available for each decay event [17] . The possibility to see in real time, the accumulation of the events during the acquisition could introduce a paradigm shift in routine clinical protocols, allowing in particular to adapt the acquisition time to what is really observed and not to some predetermined evaluation. Moreover, such a timing resolution would allow recording the full sequence of all γ -ray interactions inside the scanner, including Compton interactions, such as in a 3-D movie, opening the way to the integration of at least a fraction of the Compton events in the image reconstruction and to a further improvement in sensitivity. Hadron therapy would also greatly benefit from a fast online monitoring of the dose delivered during proton or carbon therapy treatment, requiring very high sensitivity, high resolution, and fast reconstruction imaging of β + -emitting isotopes produced by beam or target spallation processes during the irradiation [18] .
3) Requirements for Safety Systems and Homeland Security: Scintillators are used in three main types of equipment related to safety and homeland security: express control of luggage and passengers, search for explosive materials, and remote detection of fissile materials. Luggage inspection requires the highest possible throughput to quickly identify a suspect luggage in a few cubic meter large container moving across the inspection device. The spatial resolution is determined by the need to quickly localize and identify the suspect object in a large container. Fast scintillation kinetics with no afterglow is therefore the most important parameter. For the remote detection of explosives, the most attractive methods are based on the detection of natural or induced characteristic neutron and γ -rays under activation by a neutron source, either with fast neutrons from the 252 Cf radioisotope or fastthermal neutrons from a pulsed electronic neutron generator. For such applications, fast scintillation decay time is important to allow TOF analysis with pulsed neutron generators and more generally for the detection of fast neutrons. Finally, there is an increasing demand for ultrafast X-ray imaging systems to visualize the dynamic behavior of transient phenomena in a dusty environment, such as the impact of projectiles on some targets.
4) Possible Avenues for the Development of Ultrafast Scintillators:
Achieving ultimate time resolution on scintillator-based detectors requires a parallel effort on the light production mechanisms, light transport optimization to reduce the travel time spread of the photons on their way to the photodetector, on the photoconversion system, as well as on the readout electronics. The time resolution of a scintillator-based detector is directly driven by the density of photoelectrons generated in the photodetector at the leading edge of the signal. Increasing the light output, and, as a consequence, the rate of photoelectrons produced in the photodetector at the early stage of the signal generation, has a direct impact on the timing resolution by the virtue of the improved photostatistics as illustrated by the following formula derived from Hyman theory:
where τ is the scintillator decay time, N phe is the number of photoelectrons, and ENF is the excess noise factor of the photodetector. Only optically allowed (interconfiguration) transitions (such as the transition 5d → 4f for Ce 3+ ), cross luminescence, which is intrinsically fast and temperature independent as observed in barium fluoride (BaF 2 ), and strongly quenched intrinsic luminescence (as for PbWO 4 (PWO)) can give rise to a fast light signal. Besides the gain in photostatistics, another factor, not apparent in this simplified formula, plays a determinant role for the timing resolution. It is related to the scintillator rise time that affects the photoelectron density in the early stage of the signal, which carries the ultimate timing information [19] , [20] transition on the activator ion or on the intrinsic luminescent center, only takes place after a complex relaxation mechanism of the primary electron-hole pairs that can last several nanoseconds. In this process, large statistical fluctuations are therefore induced for the generation of the first scintillation photons that influence the observed rise time. This presents an intrinsic limit to the achievable time resolution in a scintillator. It is related to the time fluctuations in the relaxation process that can be estimated to be of the order of 100 ps. For sub-100-ps time resolution, mechanisms involving the production of prompt photons need to be considered. Cerenkov emission and cross luminescent materials can offer a solution. However, the number of Cerenkov photons from the recoil electrons resulting from a 511-keV γ conversion is very small, of the order of 20 photons in crystals, such as Lu 2 SiO 5 :Ce 3+ (LSO), LuAlO 3 :Ce 3+ , and Gd 2 SiO 5 :Ce 3+ . Moreover, these photons are preferentially emitted in the UV part of the spectrum, where the optical transmittance and the photodetector quantum efficiency are generally low. The same applies for cross luminescent materials characterized by a reasonably fast emission (600 ps for BaF 2 ) which emit in a spectral range of about 250 nm. However, some transient phenomena in the relaxation process can be possibly exploited for the generation of prompt photons. From this point of view, an interesting phase of the relaxation mechanism is the thermalization step when the hot electrons and holes have passed the ionization threshold. The coupling to acoustic and optical phonons in the lattice is the source of hot intraband luminescence (HIBL) that could be exploited to obtain a time tag for the interaction of ionizing radiation with a precision in the picosecond range [21] . This emission is rather weak but extremely fast (sub-ps), and it is characterized by a flat spectrum in the visible for the electron-induced HIBL in the conduction band with an onset in the near infrared attributed to the hole HIBL in the valence band. A few hundreds of prompt photons would suffice to significantly improve the time resolution of scintillators, such as LSO in the low energy (MeV) regime. A novel route toward the realization of ultrafast timing resolution is possible with the use of heterostructures based on a combination of standard scintillators (such as LSO or LYSO), and nanocrystals could be another way to produce prompt photons. Nanocrystals have gained considerable attention over the last two decades because of their excellent fluorescence properties. In such systems, the quantum confinement offers very attractive properties, such as a very high quantum efficiency and ultrafast decay time. Moreover, they have a broadband absorption, narrow emission, and enhanced stability compared to organic dyes, and the fluorescence is tunable from the UV to the near-infrared spectral range (300-3000 nm) by nanocrystal size and material composition.
C. Fast Imaging
As discussed previously, the ultrafast hard X-ray imaging is an emerging need. Substantial advances have been made in high-speed imaging technologies, including ones for the full spectrum of X-ray wavelengths. Dedicated high-speed imaging technologies have been developed for the existing and upcoming X-ray free electron lasers (XFELs), such as LCLS, European XFEL, SACLA, and SwissFEL. Commercial photon-counting cameras, such as Pilatus, X-ray integrating detectors or high-speed visible light charge coupled device, and CMOS cameras in conjunction with fast scintillators, are used for many experiments when dedicated imaging technologies are not available. State-of-the-art X-ray imaging cameras use silicon sensors for X-ray detection and have demonstrated a frame rate close to 10 MHz and excellent performance for X-ray imaging at energies below 20 keV. Prototype high frame rate imaging cameras with high atomic weight sensors have recently been demonstrated.
Aiming at studying the dynamics of material evolution related to the nuclear Big Bang, the Matter-Radiation Interaction in Extreme (MaRIE) facility was proposed at the Los Alamos National Laboratory [22] , where GHz hard X-ray (>20 keV) imaging is required. Table I summarizes the requirements on hard X-ray imagers for the proposed MaRIE project [23] , where 2-ns and 300-ps frame rates are required for the type I and type II imagers, respectively, for X-rays up to 30 and 126 keV. To mitigate the pileup effect for such fast frame rate, it is important to have a temporal response of the X-ray signals of less than 2 ns and 300 ps, respectively, for the Types I and II imagers. The development of sensors with ultrafast response for such imager, thus, is important.
Two types of sensor technologies are being pursued for fast X-ray imaging [23] . The direct sensor technology uses semiconductor devices to convert X-rays to electrons and to collect them. The indirect sensor technology uses inorganic scintillators to convert X-rays to photons collected by photodetectors. Both direct and indirect sensors for X-ray detection are currently limited by the materials and their structures. There is a significant gap between the state-of-the-art X-ray imaging technologies at about 10-MHz frame rate and the desired performances for the proposed MaRIE project.
While the direct technology prevails in MHz soft X-ray imaging, it has an intrinsic limitation for the GHz hard X-ray imaging because of the low detection efficiency of thin detectors required for fast response. Development of ultrafast inorganic scintillators with fast rising time, fast decay time, and negligible slow scintillation tail, thus, is crucial for such imagers.
In the past three years, investigations have been carried out to identify ultrafast inorganic crystal scintillators for the GHz hard X-ray imaging [24] , [25] . Among them, ceriumdoped or Ce/Ca-codoped lutetium oxyorthosilicate (LSO:Ce) and lutetium yttrium oxyorthosilicate (LYSO:Ce) are known for their superb performances and wide applications, but they are too slow for that application. While LaBr 3 :Ce and CeBr 3 are brighter and faster than LYSO:Ce, they are, as well, still not fast enough because of their decay time of longer than 10 ns, which would cause significant pileup at the GHz scale. Among all crystals, known scintillators, only two (BaF 2 and ZnO and its analog doped with Ga), show ultrafast scintillation light with sub-ns decay time required for the GHz hard X-ray imaging, but both materials have relatively lower overall light output as compared to LYSO:Ce. Their light output in the first ns, however, is compatible with LYSO:Ce because of their sub-ns decay time. BaF 2 is also featured with the shortest attenuation length for 40-keV X-rays, promising a compact sensor for the GHz hard X-ray imaging. The real issues for these materials are the slow component for BaF 2 with 600-ns decay time, which would cause pileup and the self-absorption for ZnO that prevents its use in bulk. Progresses were reported in the SCINT 2017 conference at Chamonix, France, in both materials. Yttrium doping in BaF 2 is found to be effective in improving the fast/slow ratio from 1/5 to 6/1 while keeping the amount of the fast scintillation component with sub-ns FWHM width unchanged [26] . ZnO nanoparticles embedded in polystyrene show a 0.5-ns decay time [27] .
Two inorganic scintillator-based imager concepts were reported in the SCINT 2017 conference. Fig. 4 (top) shows a total absorption X-ray imager, where pixelated BaF 2 crystals are coupled to a matching pixelated photodetector and readout by fast electronics [23] . This approach is similar to an ultrafast BaF 2 crystal calorimeter being pursued by the HEP community [28] . A joint development program with the HEP community, thus, will benefit both fields. Another approach is to use thin layer films coated with ZnO:Ga nanoparticles. Fig. 4 (bottom) shows an imager featured with multilayer high quantum efficiency photocathode coated with ZnO:Ga nanoparticles [24] .
While research and development continues to develop these detector concepts, development of ultrafast inorganic crystal scintillators is expected to play a crucial role for the GHz hard X-ray imaging. For the type II imager, for example, a decay time of less than 300 ps is required.
D. Fast Neutron Detection
3 He has been the standard for neutron detection and it is widely believed that its performance cannot be surpassed, especially its excellent neutron detection and gamma-ray rejection. However, direct detection of fast neutrons is not possible and a moderator is used to slow down the high-energy neutrons. Fast neutrons are the signature of plutonium, and the localization of sources is critical for nuclear plant safety and decommissioning as well as for detection of illicit transport of nuclear materials. Inorganic scintillators are currently absent from development efforts for detection of fast neutron as H is the element of choice most easily found in organic compounds and plastics are currently dominating the research efforts. The organic crystal stilbene is being tested due to its good neutron-gamma discrimination but its fragile nature and the relatively large volume needed for the applications may restrict its use. Recently, an organic glass was developed that exceeds the performance of stilbene in both luminosity and neutron-gamma discrimination [29] . With the development of inorganic scintillators in other form than large single crystals, such as fibers, transparent ceramics, nanosize particles, and so on, it is likely that organic-inorganic composite materials could be developed making complete separation of gamma and neutron detection possible or more generally separating specific functionalities of the phases in a multicomponent material.
E. High Energy Calorimetry
In HEP and nuclear physics experiments, total absorption electromagnetic calorimeters made of inorganic crystals are known for their superb energy resolution and detection efficiency for photon and electron measurements. An inorganic crystal calorimeter is, thus, the choice for those experiments where precision measurements of photons and electrons are crucial for their physics missions. Examples are the crystal ball NaI:Tl calorimeter, the L3 BGO calorimeter, the BaBar CsI:Tl calorimeter, the BELLE CsI:Tl calorimeter and the BES-II CsI:Tl calorimeter in lepton colliders, the kTeV-undoped CsI calorimeter and the compact muon solenoid (CMS) PWO calorimeter in hadron colliders, and the Fermi CsI:Tl calorimeter, the DAMPE BGO calorimeter, and the HDME LYSO calorimeter in space. Table II lists design parameters for some crystal calorimeters built for HEP experiments since the 1970s [30] . Among all existing crystal calorimeters, the CMS lead tungstate (PbWO 4 or PWO) crystal calorimeter, consisting of 75 848 crystals of 11 m 3 , is the largest. Because of its superb energy resolution and detection efficiency, the CMS PWO calorimeter has played an important role for the discovery of the Higgs boson by the CMS experiment [31] . Crystal calorimeters currently under construction are an undoped CsI calorimeter for the Mu2e experiment at Fermilab, a PWO calorimeter for PANDA at the Facility for Antiproton and Ion Research, a LYSO calorimeter for COMET at J-PARC and a PbF 2 calorimeter for the g-2 experiment at Fermilab. Future HEP calorimeters will be operated under unprecedented luminosity. A crucial issue is, thus, the decay time of the scintillation light. In [30] , there are listed the optical and scintillation properties for fast inorganic crystal scintillators with a scintillation decay time ranging from subnanosecond to a few tens of nanoseconds, and compared with plastic scintillator. Among the fast crystals, the mass production cost of barium fluoride (BaF 2 ) and undoped CsI crystals is significantly lower than others because of their low raw material cost and low melting point. Crystal calorimeters for future HEP experiments at the energy frontier face the challenge of severe radiation environment. Significant loss of light output has been observed in the CMS PWO crystals at large rapidity in situ at the LHC caused by both ionization dose and hadrons [32] . Significant contributions in improving radiation hardness of inorganic crystal scintillators have been achieved. Controlling oxygen contamination in halide crystals, e.g., CsI:Tl, or oxygen vacancies in oxide crystals, e.g., PWO, was found effective [33] . Codoping with yttrium and lanthanum was also found effective for CMS PWO crystals [34] . For experiments to be operated at the high luminosity LHC (HL-LHC) with 3000 fb −1 , crystals should survive an environment with an absorbed dose of 100 Mrad, charged hadron fluence of 6 10 14 cm −2 and fast neutron fluence of 3 10 15 cm −2 . To mitigate this challenge, efforts have been made to reduce the light path length in the crystals by designing an inorganic scintillator-based shashlik sampling calorimeter [35] . On the other hand, investigations of radiation hardness of inorganic scintillators to such a level have also been carried out. Radiation damage in various inorganic crystal scintillators has been investigated for an ionization dose up to 340 Mrad [36] - [38] and a fluence of protons up to 3 × 10 15 cm −2 [39] . Progress on neutron-induced radiation damage up to 3 × 10 15 cm −2 was also reported in the SCINT 2017 conference [40] . BaF 2 -, GAGG-, LuAG-, and LYSObased inorganic scintillators are found to be radiation hard for the HL-LHC. Following these investigations, a LYSO MIP timing detector has been proposed for the CMS upgrade for the HL-LHC [41] .
Another challenge for future HEP experiments at the intensity frontier, such as Mu2e-II, is the unprecedented event rate at a level of about 10 ns [42] . Such a fast rate requires ultrafast scintillators to mitigate the effect of pileup. Research and development aimed at developing ultrafast inorganic scintillators has also been pursued by the SCINT community, and the progress was reported in the SCINT 2017 conference. Yttrium doping in BaF 2 crystals was found to be effective to suppress the slow scintillation component in BaF 2 while maintaining the sub-ns fast component [43] . An interesting direction along this direction is to combine confined excitons and biexcitons into a form of nanocrystals in bulk scintillators [44] . For HEP experiments at future lepton colliders, inorganic scintillators have been proposed to build a homogeneous hadron calorimeter (HHCAL) to achieve unprecedented jet mass resolution by dual readout of both Cherenkov and scintillation light [45] , [46] . For this application, development of cost-effective crystal detectors is a crucial issue because of the huge crystal volume required, whereas the requirement on radiation hardness is much relaxed because of the lepton collider environment [47] . Investigation along this line has been concentrated on developing cost-effective UV transparent inorganic scintillators, including crystals and glasses. Progress on UV transparent cerium-doped and codoped fluorophosphate glasses was reported at the SCINT 2017 conference [48] and at the NSS 2017 conference [49] .
Briefly summarizing, inorganic crystal scintillators have played an important role in HEP experiments in the past, and new generations of scintillators are expected to play an important one as well. The main challenge in this application is to develop ultrafast and radiation hard inorganic scintillators for future HEP experiments at the energy and intensity frontiers. Additional challenges are to develop UV-transparent cost-effective inorganic scintillators for the HHCAL detector concept. Successful development along these lines of research is also expected to benefit GHz hard X-ray imaging being pursued by the nuclear physics community and for medical imaging.
F. Scintillation Pulse Detection
With analog pulse shape techniques, the integral intensity of a pulse is digitized that provides pulse height spectra from which the energy resolution and scintillation light yield can be determined. The pulse shape can be recorded with start-stop methods from which the scintillation decay time components can be determined. Waveform digitizing where each scintillation pulse is stored individually and analyzed off-line is an emerging technology that is bound to replace the traditional techniques. It requires a waveform digitizer, electronic storage capacity, and software to study, analyze, and sort each stored scintillation pulse. Applications for particle discrimination based on online pulse shape analysis are fairly obvious [50] , [51] . However, when the photon detector output from a scintillator is fully digitized, then for each pulse, the intensity as function of time is available, and we have full information of our scintillator. The potential of the methods was presented in recent contributions [52] , [53] . By offline integration of the pulses, a pulse height spectrum can be generated. One may also sort the pulses of similar pulse height and study the pulse shape as a function of pulse height. The energy dependence of scintillation decay time components can then be derived. Such found dependence was exploited to improve energy resolution, and discrimination of α and γ events was demonstrated [52] , [53] . Digitization was applied to determine the contribution of alpha decay of intrinsic radioactive isotopes present in La halide scintillators. Scintillation pulses from the parent and daughter nuclei could be traced by a search for time correlated scintillation events. One may then discriminate different alpha decays in the intrinsic pulse height spectrum of La halides. The emerging digitizing techniques may lead to different research strategies for finding better scintillation materials. If both scintillation pulse height and pulse shape depend on gamma photon energy, then knowing both, the gamma energy can be determined more accurately. One may then search for scintillators with strong shape energy dependence.
III. MATERIAL COMPOSITION
A. Single Crystals
Single crystals are still the dominant bulk form for inorganic scintillator materials. However, the limitations that are imposed by the production process have enticed researchers to look for and develop alternate media, such as transparent ceramics, especially for applications that require very large volume or areas, and composite materials in attempt to couple specific functions of the different phases. In this section, we discuss recent developments and trends in inorganic scintillator grown as single crystals and produced as transparent ceramics. Eutectics as an example of composite materials are discussed in Section IV. In general, oxides crystals are grown by the Czochralski technique [54] that is a favorite for large scale production. The technique can be fully automated, the growth of the crystal is controlled in real time, and the production yield is high. Iridium crucibles are commonly used for the high melting point oxides that limit the use of oxygen in growth atmosphere to a very low percentage.
Many studies aimed at the optimization of yttrium aluminum garnet YAG: Ce have resulted in an optimized garnet by the substitution of Gd for Y and by alloying of Al with Ga [55] - [57] . The presence of gallium oxide complicates somewhat the growth process as low level of oxygen must be used to prevent its decomposition. However, the growth of single crystals of the Ce-doped garnet Gd 3 Al 2 Ga 3 O 12 , 3 inch diameter has been reported [58] [see Fig. 5(a) ] as well as that of 2 inch diameter single crystals of codoped versions of the same composition [59] - [61] . These Ce-doped garnets are now commercially available [62] , and the use of codopants allows to tailor one or more characteristics: for example, timing and light output or energy resolution (see Section III-C).
Concerning the halides, scale-up efforts have continued for the binary compound SrI 2 :Eu, now available commercially. As the material is deliquescent, proper handling and quality of raw materials have been studied [63] . Most efforts are done using the Bridgman technique with the following two notable exceptions.
• The growth of that material has been demonstrated by the Czochralski technique [64] for diameter up to 50 mm [see Fig. 5(b) ].
• A new growth technique similar to a seeded vertical Bridgman technique that uses a graphite crucible in an evacuated dry chamber [55] , [65] , which allows production at high yield [see Fig. 5(c) ]. Even though NaI:Tl and LaBr 3 :Ce are grown by the Czochralski technique in production plant, the newly discovered multicomponent halide scintillators are mainly grown by the modified Bridgman-Stockbarger techniques due to their reactivity and hygroscopicity that require the materials to be grown in chemically compatible crucibles and dry atmosphere. The Bridgman-Stockbarger technique is easy to implement in a research laboratory as its simplicity implies low starting costs. However, the technique has in general a low yield, especially when used without a seed which is done for the majority of research efforts. Confinement in a crucible (usually quartz that can be sealed easily) or vitreous carbon inserted in a quartz ampoule can induce contamination, sticking of the crystal to the ampoule, and cracking. The lack of reproducibility and low yield is well documented and can be spotted in many publications as, for example, in attempts to grow several crystals in one furnace [66] . As a result, scale-up efforts are still limited for these newly discovered scintillators. Most new multicomponent materials are grown in size less than 25 mm in diameter. We must note that a few attempts at growing these compounds by the Czochralski technique have demonstrated that it is viable and should be pursued [67] .
B. Transparent Ceramics
Transparent ceramics are often seen as an alternative to single crystals when a specific geometrical form is not easily achieved with single crystals and in cases where they are produced at a lower cost. However, transparency implies lack of light scattering that can be caused by small defects, such as micropores or disturbances at grain boundaries. Birefringence can also cause scattering when it occurs in noncubic materials and must be control by judicious grain size [68] . In a book published in 2013, Nikl et al. [69] noted "the most studied group of materials are the cubic structure aluminum or multicomponent garnets, but interesting results have been achieved also in sesquioxide, silicate, hafnate, complex perovskite, or rare earth halide compounds." This statement still holds today. However, in the last few years, there has been a significant shift in the ceramic studies of the multicomponent garnets in moving from process optimization to performance optimization. Some of the findings from single crystals work are being applied to transparent ceramics: for example, codoping for removal of afterglow or slow decay components [43] . Powder preparation prior to sintering is critical and has been extensively studied with major progress in control of particle size and distribution that is a direct consequence of the development of nanopowders, now commercially available for a large variety of compounds. A successful example of improvement transparent GYGAG ceramic is shown in [70] [see Fig. 6(a) ]. Transmission of oxide transparent ceramics can still be improved: structural disturbances at grain boundaries were shown in the cubic material LuAG:Ce [71] . Fabrication of transparent ceramics of hygroscopic halide materials is more challenging due to their reactivity, and few results have been published. Attempts were made to produce SrI 2 :Eu as a transparent ceramic [72] with limited success. SrI 2 is orthorhombic, and issues of scattering were not resolved. In particular, small grain sizes could not be produced at the chosen sintering conditions [see Fig. 6(b) ]. BaCl 2 :Eu was the topic of a Ph.D. thesis [73] . Powder preparation, an innovative press to control moisture prior to and during sintering, and a high pressure-low-temperature sintering process to limit grain growth are presented in that work [see Fig. 6(c) ]. Scintillators of the elpasolite structure are cubic materials that could be made as transparent ceramics if the hurdles linked to their reactivity could be overcome. It is a particularly interesting prospect for those elpasolites that exhibit phase separation in the liquid phase as the sintering could be done in a temperature range that preserves the stable room temperature phase.
C. Codoping
Given the fact that the scintillation mechanism includes a transfer stage in which the migrating electrons and holes in the conduction and valence bands, respectively, must overcome hurdles on their path to reach the emission center, the atomistic perfectness of the scintillator material becomes critical. Even in high-quality single-crystal hosts, there are inevitable point defects, mostly cationic and anionic vacancies, which give rise to hole and electron traps, respectively. Other kinds of lattice disorders, accidental impurities and more extended lattice flaws (e.g., dislocations), can give rise to charge traps as well. Optimization of manufacturing technology cannot completely suppress these defects, and therefore, other tools have been and are being developed to improve scintillator properties dictated by specific applications. One of these tools is the codoping of the scintillator material, the addition of a specific impurity that can (or cannot) participate in charge carrier capture. A well-known example is the codoping of Gd 2 O 2 S:Pr, phosphor, or ceramic by Ce 3+ and F − ions [74] , which successfully diminishes the afterglow and enabled its use in computed tomography (CT) medical imaging. Analogously, the Pr-codoping in (Y,Gd) 2 O 3 :Eu 3+ ceramics suppresses the afterglow down to 0.005% [75] and enabled its use in the same field. The mechanism of afterglow suppression consists of the nonradiative recombination of charge carriers released from the traps at the codopant limiting their (delayed) radiative recombination at the emission centers themselves. In the case of single crystals, the intensively studied case was the trivalent ion (La, Y, Gd, or Lu) and pentavalent (Nb)-doped PbWO 4 scintillator where such a doping considerably improved its radiation hardness (i.e., suppressed charge trapping at deep traps) and enabled its usage in the calorimetric detectors at the LHC, CERN (see review papers [76] , [77] ). Furthermore, in CdWO 4 , single-crystal codoping with Li has been adopted [78] ; the role of Li was explained as a stabilizing agent of accidental Fe and Mn impurities in 2+ valence state [79] , which makes them inactive in the charge trapping process related to the afterglow mechanism. It is, thus, another case in which codoping decreased the afterglow and enabled its use in CT imaging. More recently, codoping with aliovalent, optically inactive ions have been reported to improve scintillator characteristics. For instance, codoping by monovalent alkali metal and divalent alkali earth ions was reported in LaBr 3 :Ce [80] , which resulted in the decrease of nonproportionality and improvement of energy resolution down to 2% at 662 keV in the case of Sr codopant [81] . This is the best result ever reported for an inorganic single-crystal scintillator. The explanation of such an effect is certainly nonintuitive and was proposed as an overall reduction of Auger quenching of free carriers due to increase of the Br vacancy concentration and creation of SrLa V Br complexes [82] . Mutual interactions among charge carriers, defects, and luminescence centers, including creation of excitons and carriers self-trapping, in the first few picoseconds of scintillation mechanism (conversion stage) are under intense study by sophisticated experiments and theoretical calculations due to their influence on scintillator nonproportionality and overall efficiency [83] - [87] . Another single-crystal scintillator, where multiple attempts have been made to improve its characteristics regarding afterglow, is the classical CsI:Tl. Namely, the Eu and Sm [88] - [90] followed by Bi [91] , [92] and most recently Yb [93] codopants have been reported. For Eu, Sm, and Bi codopants, the afterglow suppression is accompanied by the decrease of light yield. The CsI:Tl, Yb crystals showed an increase of light yield reaching 90 000 ph/MeV and a decrease of afterglow down to 0.035% at 80 ms, a promising outlook for practical applications in CT or any kind of fast frame imaging. Another widely studied case of aliovalent codoping by optically inactive ions is represented by the Ce-doped oxide-based scintillator materials. Starting with the Ce-doped orthosilicates, the improvement of light yield and time response was reported for Ca-codoped Y 2 SiO 5 :Ce and Lu 2 SiO 5 :Ce [94] - [96] , but no explanation of its mechanism was provided. The explanation based on the stabilization of Ce 4+ and its positive role in scintillation mechanism was provided for Me 2+ (Me = Ca, Mg) codoped LYSO:Ce in 2013 [97] using the optical and photoelectron (X-ray Absorption Near Edge Spectroscopy) spectroscopies. This concept has also been successfully adopted in aluminum and multicomponent garnets. Namely, in LuAG:Ce, the codop- ing by Mg 2+ both in single crystal [98] and ceramic [99] forms dramatically increased the light yield. For comparable concentration of Mg and Ce in the starting materials used for single-crystal growth when concentration of stable Ce 4+ prevails over that of Ce 3+ , the slow scintillation decay components were effectively suppressed. Fig. 7 provides a schematic of the sequences of charge carrier capture at the stable Ce 3+ and Ce 4+ emission centers. The Ce 4+ center can efficiently compete with electron traps of any kind for an immediate capture of electrons from the conduction band, whereas the stable Ce 3+ center needs first to capture the hole, i.e., much less effective in this competition. As a direct consequence, the presence of stable Ce 4+ diminishes the amount of delayed light (slow components) in scintillation response that arises from electron trapping. It is worth mentioning that, for both Ce 3+ and Ce 4+ , the emission transition is the same, i.e., the produced scintillation spectrum is the same, and that in the last step of the Ce 4+ scintillation mechanism (right part), the hole capture from the valence band is always nonradiative, i.e., not contributing to afterglow.
In the newly developed single crystals of multicomponent garnets, so-called GAGG:Ce scintillator (host composition within Gd 3 Al 2 Ga 3 O 12 and Gd 3 Al 3 Ga 2 O 12 ) became a material system of interest due to very high light yield approaching 60 000 ph/MeV (see review in [100] ). Codoping of GAGG:Ce by divalent Ca and Mg ions always resulted in gradual light yield decrease, Mg 2+ resulting in a lesser effect [101] . However, this codoping significantly reduced the rise time in its scintillation response and improved its timing coincidence resolution to become comparable with that of LSO:Ce, Ca [37] , [60] , [102] . This paves the way for its use in TOF techniques, e.g., in TOF-PET medical imaging. This optimization strategy can be efficiently applied only in the absence of overlap between the charge transfer absorption of Ce 4+ with the onset at about 350-370 nm in an oxide host and the emission of Ce 3+ . For example, the aluminum perovskite YAlO 3 :Ce scintillator that emits at 360 nm, Mg 2+ codoping cannot be used because of large light yield loss, even if the scintillation response is accelerated on the rise time, the fall time, and the slow component, similarly as in aluminum garnets [103] . For the same reason, it cannot be used at all for the Pr 3+ -doped oxides [104] . From the above-mentioned examples, it becomes evident that further development can be focused on improvement of specific characteristics (afterglow, light yield, nonproportionality, and scintillation response) through targeted action of the codopant. It can work as a simple nonradiative quenching center (Ce 3+ in Gd 2 O 2 S:Pr and Pr 3+ in (Y,Gd) 2 O 3 :Eu), an aliovalent impurity to destabilize accidental impurities from unwanted charge states (Li in CdWO 4 ), an aliovalent impurity that influences charge carrier interactions in very early stage of scintillation mechanism (Sr 2+ in LaBr 3 ), or an aliovalent impurity that stabilized the emission center itself in another (favorable) charge state. It is also now clear that the action and effect of codopant are host-specific which means that the concept successful in one host cannot be mechanically transferred to another one. For example, it is worth noting that the same charge misbalance induced by doping a divalent cation at a trivalent site induces completely different response from the material when comparing LaBr 3 :Ce and LuAG:Ce (no Ce 4+ stabilization in LaBr 3 is observed). Consequently, to apply successfully scintillation material engineering by codoping, one has to understand the bottlenecks in its scintillation mechanism, the mechanism of localization of electrons and holes in the material structure, and the creation of intrinsic color centers. Furthermore, given the fact that the codoping is always focused on the defect engineering, the reported concepts should be validated by several independent laboratories to make sure that the observed effects are stable and reproducible. Finally, technological feasibility to add one or more codopants in a reproducible way in the process of material preparation must be ensured.
D. Nanomaterials
Nanoparticles of direct bandgap semiconductors (Q-dots) have attracted a lot of interest for their luminescence properties in the last decades. The scintillating properties of Q-dots have been first presented in 2006 by Létant and Wang [105] . While optical properties of quantum dots are significantly driven by quantum confinement effects, doped insulator nanoparticles do not show any quantum confinement regarding their optical properties due to the strongly localized character of the emission centers. Nevertheless, surface effects and structural disorders might appear and can affect the luminescence yield [106] . Using nanoparticles as scintillator, thus called nanoscintillator, has several potential interests. Nanoscintillators can be embedded in a matrix to imitate bulk material: organic or glassy host has been used [107] - [110] with YSO, GdBr 3 , or LaF 3 doped with Ce 3+ as well as CdTe. However, the active volume fraction is limited and the achieved energy resolution remains poor. In the case of semiconductor quantum dots, this strategy is even more complex as their small Stokes shift renders the extraction of light difficult, and some strategies using a plastic host loaded with dye molecules have been proposed [111] . Here, a complex energy transfer interplay among the matrix, the dye, and the Q-Dot is proposed to overcome the self-absorption issue. The loaded matrix acts as a kind of wavelength shifter, and a rather weak photopeak is detected. For the use as a bulk material, the main benefit could be to combine an active host with a nanoscintillator of special composition in order to enhance neutron cross section as example. Such approach has been proposed using a liquid scintillator loaded with semiconductor Q-dots for antineutrino measurement [112] . Here, the goal was to take advantage of the presence of 113 Cd in the nanoparticles to enhance the neutron capture cross section. 106 Cd is also of interest because of its capability for double β + decay and double β − capture. Note that there is no need to have a nanoscintillator to obtain cross-sectional enhancements. As described latter, the spatial extension of the energy deposition being larger than the particle size, passive nanoparticle (nonemitting) can also be used as illustrated with undoped Gd 2 O 3 nanoparticle in a polymer [113] . The most promising use of nanoscintillators embedded in matrix is to enhance or add one functionality. Interestingly, nanostructures allow to prepare scintillator material in an unusual form. As an illustration, a scintillating membrane based on nanowires of YAG:Er 3+ has been proposed for measurement of radioactive fluids [114] . Aside from the detection field, the nanoscintillator can also be used as part of therapeutic agent for photodynamic therapy. The concept, proposed in 2006 [115] , is to combine a sensitizer able to generate singlet oxygen under appropriate illumination and a nanoscintillator. As described in Fig. 8 , such approach enables to overcome the issue of penetration of light in tissue since nanoscintillators can be activated by penetrating X-ray. However, the complex sequence of energy transfer can give rise to the singlet oxygen generation or not, depending on the wavelength emission and main distances between the emitting center and the photosensitizer [116] , [117] . Another limitation is probably the weak energy deposition efficiency in the case of nanostructured and diluted media. As described in [118] using Monte Carlo simulations, a correcting efficiency factor of about 1% has to be applied to the predicted efficiency using the effective medium approach proposed in [119] in order to take into account such nonhomogeneous medium. The real efficiency is thus probably quite weak, suggesting it can be applied only under high radiation doses, such as those received during radiotherapy. Note that radiosensitization probably occurs as well. Despite these limitations, enhancement of radiotherapy effect has been observed on cells [120] . These studies suggest that the system is probably not yet optimized and that other more suitable nanoscintillators should be searched for optimizing performances [121] , [122] . As described in Section III-B, the nanoscintillator may also address the needs for fast timing. At least, three approaches can be proposed. First, direct bandgap semiconductors are fast emitters, such as CuI, HgI 2 , PbI 2 , ZnO:Ga, and CdS:In [123] . They can be prepared as nanoparticles with the appropriate Fig. 8 .
Concept of photodynamic therapy induced by X-ray during radiotherapy.
purity and doping, such as ZnO:Ga, where defect emission is absent after an appropriate reduction annealing [124] . Exciton confinement effects may also benefit the fast timing issues. Multiple quantum wells of InGaN/GaN have been proposed to obtain ns emission [125] . For the same purpose, lateral confinement effect can speed up the emission [126] and recent works have demonstrated fast response below 1 ns of semiconductor nanoplatelets under X-rays [44] . Another specificity of the nanostructures is the nearfields effects. Already widely studied in the frame of plasmonic fields, optical nanoantenna effect has been demonstrated with X-rayinduced emission, allowing improvement of the directionality of the emission, and a compact dosimeter has been proposed in this framework [127] . Preparation of functional material based on nanostructure is another topic of current research. Coreshell strategy appears very efficient for stabilization of the surface of luminescent-active core that has been used in CdSeCdS Q-dots and successfully commercially applied in the latest generation of TV screens. Stabilization of the surface of core should bring substantial limitation of trapping states with huge benefit for scintillation efficiency and speed of the response. Furthermore, embedding of Q-dots of direct gap semiconductors into a suitable transparent host can give rise to bulk scintillators with limited reabsorption and superfast scintillation response [124] . Note that radiation hardness has been improved using core-shell architectures [128] . Out of the scintillation field, it has been demonstrated that bulky materials, such as aerogel, superlatices, and even mixture of QDs and lead based-perovskite, can be prepared [129] - [131] .
E. Lead-Based Halide Perovskites
Lead halide perovskites have recently emerged in the field of ionizing radiation detectors. Perovskite is a generic term for materials of ABX 3 formula, such as the well-known scintillator YAlO 3 . When B is Pb and X is a halogen ion, such as Cl, Br, or I, it leads in most of the cases to a direct bandgap semiconductor. Pb and the halogen atoms are forming octahedra. A is a monovalent cation, generally an organic ammonium or a cesium sitting at the center of the cubes defined by eight PbX 6 units. Depending on the cation steric hindrance, the octahedra planes can be split giving rise to a lamellar structure with multiple quantum well excitonic properties (called 2-D perovskite [132] ). Their renewed interest emerged from their photovoltaic performance, reaching recently more than 20% light conversion efficiency [133] . They can be prepared through soft chemistry approaches, as bulk crystals, thin films, or nanoparticles (Q-Dots) are rather easy to process even though they can be quite air sensitive and hygroscopic. Because of their very good charge carrier mobilities, they demonstrate good properties for direct ionizing radiation detection and their preparation cost is considered reasonable as compared to other materials prepared with ultrahigh vacuum techniques. MaPbI 3 and MaPbBr 3 (Ma for Methylammonium)-based devices have, thus, been prepared as X-ray imaging sensors, and this material is additionally showing very good timing properties as a time response under 10 ps laser excitation down to 340 ns has been achieved [134] . Several other following works have been performed in order to optimize the devices and to demonstrate the spectroscopic capabilities [135] , [136] . Similarly, solid solution MaPbBr 3x Cl x perovskite single crystals have demonstrated in charge collection mode an energy resolution about twice that observed with NaI:Tl [137] . Scintillation properties have been demonstrated under 2-MeV protons for the first time on 2-D perovskites [138] . Because of its direct bandgap nature and a high exciton binding energy, MaPbI 3 shows a very fast photoluminescence decay [139] . Using four-wave mixing with a fs laser, Kondo et al. [140] demonstrated a very fast response of 3.4 ps of the exciton in (C 6 H 13 NH 3 ) 2 PbI 4 . It has been recently demonstrated that the heterogeneous thin films can exhibit sub-ns cathodoluminescence response [141] . Therefore, in addition to their direct detection capability, lead halide perovskite can also be of great interest for their scintillation properties. It has been shown that the 3-D structure MAPbX 3 (MA = CH 3 NH 3 and X = I, Br, or Cl) sensors in direct detection mode exhibit a thermal quenching at room temperature, leading to a poor scintillation efficiency. On the opposite, the 2-D structure (EDBE)PbCl 4 [EDBE = 2, 2-(ethylenedioxy)bis(ethylammonium)] has demonstrated a promising scintillation yield estimated over 120 000 ph/Mev [142] . Because of their small Stokes shift, semiconductors generally suffer for a strong self-absorption. As an illustration, a photon recycling efficiency below 0.5% under sun light excitation has been measured in MAPbI 3 and MAPbBr 3 single crystal [143] . Nevertheless, lead halide perovskites are a new and emerging family of scintillating materials. They combine scintillation properties with tunable emission wavelength, direct charge collection capability, and show rather fast response.
IV. MATERIAL FORMS
While material composition impacts light production, the material form plays a key role in light collection. Apart from the performance in terms of stopping power needed in all applications, the light collection aspect plays a major role in imaging and detection systems. The best scintillator becomes useless if appropriate light collection cannot be achieved to reach required spatial resolution, granularity, or spectral resolution. Light collection simulations have already encouraged the development of films, fibers, or structured materials, and even for known composition, a number of synthesis strategies are developed. As an illustration of the progresses in the field of material preparation, printable 3-D structures of the famous YAG:Ce material have been demonstrated [144] . The potential use of such structure is not yet clearly established. Nevertheless, connection between material scientists and end users encouraged in such event as that organized by FAST Cost Action at the SCINT 2017 conference [145] will surely promote new concepts based on this technology and others.
A. Long Inorganic Fibers
A new crystal growth technique has been developed in 1992 by the group of Prof. Fukuda; this so-called micropulling-down technique allows to grow monocrystal fibers of up to 2 m length with a diameter of a typical range of 100 μm-3 mm [146] . In the micropulling-down technique, the raw material melted in a cylindrical crucible enters through a capillary die positioned at the bottom center of the crucible. In contact with a seed, the growth process is started at the bottom of the capillary die by continuously pulling down at a constant pulling rate ranging from 0.1 to 0.5 mm/min (about 10 times faster than Czochralski and 50 times faster than Bridgman). With this technique, crystal fibers of several tens of centimeters can be produced. By modifying the shape of the capillary die, it is possible to produce elongated crystalline materials with noncylindrical cross-sectional geometry. Fibers of different sizes of well-known heavy scintillating crystals, such as BGO, YAG, LuAG, and LSO, can be produced with different diameters and length [147] - [149] . Compared to standard growing methods, the micropulling-down technique allows to grow crystals quite rapidly. Actually, this method was initially used in material research to easily and quickly grow new material samples with small dimensions in order to evaluate their optical properties. More recently, this method gained a new interest due to its suitability for growing long crystal fibers for use in several applications, such as medical imaging and HEP. In medical imaging, crystal pixels of typically 2 × 2 × 20 mm 3 and 3 × 3 × 20 mm 3 are used. Such pixels are, in general, obtained from a large crystal ingot, requiring a significant amount of mechanical treatment with the loss of material at every processing step. With micropulling down, however, it is possible to produce pixels from fibers with already the final section, reducing drastically the amount of mechanical treatment and material loss. In the field of HEP, on the other side, experiments comprising the energy measurement of particles require calorimeters having large volumes compared to medical imaging detectors. Therefore, a cost-effective production of large amounts of detector materials is a key requirement for the detector specification. A new concept of calorimetry was proposed in 2008 [150] for future collider experiments. This approach, based on metacrystal cables, consists of replacing conventional blocks of scintillating material with bunches of scintillating fibers of dense materials [151] , enabling a higher granularity and more flexibility in the detector design [152] , [153] . A significant research and development effort has been carried out over the last few years in the frame of the CCC [1] to develop this growing method in order to optimize the production of longfiber heavy scintillators in view of a future mass production at industrial scale (French ANR project INFINHI [154]), and more recently, a Marie Slowdowska Marie cure RISE project Intelum (grant number 644260) [155] ). For heavy crystal fibers, in addition to the more common parameter, such as fast decay time, high scintillation yield, and radiation hardness, this particular shape requires to exhibit a good propagation of the scintillation light within the fiber. In this frame, the garnet composition has been identified as the most promising material [156] . During the last few years, much progress has been made in the understanding and optimization of the growing process and the doping conditions to improve the radial segregation of the dopant, the attenuation length, and the radiation hardness [46] , [157] , [158] in YAG and LuAG fibers. Long fibers of more than 40-cm length can now be produced in a reproducible way with homogeneous quality in term of light yield and attenuation length (Fig. 9) . Further developments are currently carried out in the frame of INTELUM (In Japan Tohoku University and in France Lyon ILM together with IP-ASCR) using a multiple capillary die crucible that allows the simultaneous growth of several fibers in parallel in view of large scale production. Another method to produce crystal fibers has recently been introduced by Crytur (Czech Republic) using fine multiple cutting of square fibers from large size Czochralski-grown crystals of LuAG:Ce and YAG:Ce (Fig. 10) . In this case, the length of the fiber is limited by the length of the ingot of about 15 cm up to now. In the latter case, the attenuation length has reached 80 cm.
In addition to crystalline fibers, significant research has been carried out on silica-doped fibers over the last years. These fibers were first developed for remote real-time dosimetry in radiology and radiotherapy [159] - [161] . Scintillation efficiency, linearity upon dose, and signal reproducibility were optimized. These fibers could also be used as an alternative of crystalline fibers for dual readout calorimeters as they emit both Cerenkov and scintillating light when irradiated with high-energy particle beams. In the frame of the Intelum, project developments have been carried out to produce large volume of silica-doped fibers with cerium and praseodymium and to improve the optical properties in terms of scintillation and radiation hardness. It is possible to grow Pr and Ce silicadoped fibers at low cost of more than 20 m and a diameter from 200 to 600 μm with an attenuation length of more than 80 cm [162] , [163] .
B. Eutectics
Eutectic composites are formed by at least two solid-state phases with nonidentical structures. Each of them demonstrates generally different physical performances. As a result, two or more physical properties can be observed in the same body. The directionally solidified eutectic systems have been discovered in various materials that are considered appropriate for structural and functional applications [164] , [165] . Among them, two types of eutectics can be considered for scintillator application. They are for: 1) neutron scintillators; eutectic materials that consist of high neutron cross-sectional material and efficient scintillator (it does not require regular microstructure) and 2) high spatial resolution scintillators; eutectic materials that have well-ordered rod/fiber structure of one of the phases immersed into matrix of second phase (one of them should be efficient scintillator) (see Fig. 11 ). In the latter one, the wave guiding can be established in one of the phases (either matrix or fibers). The composites with fiber structure are supposed to be very promising substances used for detecting initial irradiation with high spatial resolution competing with the currently used needle-shaped CsI:Tl prepared by evaporation techniques. LiF/LiYF 4 and LiF/CaF 2 :Eu eutectic composites represent first group of the scintillators [65] , [166] , [167] , but CsI/NaCl and GdAlO 3 /α-Al 2 O 3 correspond to the second one (see Fig. 12 ) [168] , [169] .
C. Thin Films
Using highly coherent beams provided by synchrotron facilities, current high resolution X-ray imaging achieves sub-μm spatial resolution. This technique requires scintillators as very thin transparent films (<50 μm) [170] . The X-ray image is generated in the film and enlarged by means of a microscope objective. In order to obtain a good spatial resolution, the image has to be generated within the focus of the objective. Depending on the numerical aperture (NA), the film thickness has, thus, to be lower than a few tens of μm. For a small NA, diffraction limits the resolution. Having thin films limits the stopping power, a key parameter for the acquisition time and the image quality. Dense materials, showing a good scintillation yield, are thus preferred. Fig. 11 . Expected resolution of three kinds of material state. Small particle gives low resolution due to scattering. Whisker gives higher resolution than that of particles. Highest resolution is expected by the eutectic with optical guide effect. The lowest afterglow is required in order to allow high repetition rate as needed in the case of tomography. Such thin films generally require substrates, and because the films absorb only about 5% of the X-ray beam, most of it is absorbed in the substrate. It requires to use nonscintillating substrate that prevents the generation of a signal out of focus that can blur the image. There are several synthesis methods to prepare thin films, all of them having their own accessible range of thickness and substrate requirement: sol-gel coating, liquidphase epitaxy, and chemical-vapor deposition. Several garnet-, perovskite-, and silicate-based thin films have been successfully grown using liquid-phase epitaxy for this purpose [171] . Strategies to improve X-ray absorption while keeping the spatial resolution have been developed. Combining two films of different scintillators emitting at different wavelength has been proposed with LSO:Tb 3+ and LYSO:Ce 3+ [172] . Ultradense materials, such as Lu 2 O 3 :Eu 3+ sesquioxyde, have been recently developed [173] - [175] . This approach is material limited. In addition to the density, the X-ray energy absorption coefficient strongly depends on the K-edge energy of the element composing the films. Adapting the K-edge to the energy of the X-ray has been demonstrated with gadoliniumand lutetium-based aluminum perovskites [176] . In order to overcome the diffraction limit, inspired by the stimulated emission depletion technique developed in optical microscopy imaging, recent works on stimulated scintillation emission depletion have been published [177] , [178] . The depletion effect has been successfully observed, and first imaging tests demonstrated. Beam position monitors are also requiring thin films. The goal is to obtain online information about the synchrotron beam while preserving it, in order to correct experimental results from intensity, position, and beam shape fluctuations. The thin films quality criteria are the same as for high resolution X-ray imaging except that the overall X-ray absorption has to be kept below about 10%. Pulsed laser deposition on porous alumina membrane has shown very good performances [179] . The needs are currently focusing on the X-ray absorption efficiency. As described earlier, the strategy is to adapt the material composition regarding the K-edge of the elements. The stability of the scintillation response is also crucial in order to obtain quantitative information. Afterglow, radiation damages, and bright-burn, have to be minimal. More and more experiments are performed with high flux, which has an impact not only on the film aging but also on the operation temperature. The yield has to be, thus, stable at elevated temperatures.
V. THEORY AND MODELING
General scheme of the scintillation processes was well developed during the last 50 years. However, the needs arisen in the last decade demand deeper understanding of these processes. The enhancement of energy resolution is among these demands. One of the causes of energy resolution limitation is the nonproportional response of most scintillators. Therefore, there have been significant efforts to investigate this problem both experimentally and theoretically. Another demand is for scintillating materials with fast decay of their luminescence.
Theoretical investigations of the processes in scintillators deal with different stages of energy relaxation and transfer in wideband inorganic crystals. It is well-known that these stages are interrelated, and the modern view of formation of the scintillator response is described in [180] and [181] . During the last few years, a lot of attention was paid to the formation of the spatial distribution of electrons and holes, which is mostly controlled by the thermalization stage following the cascade of the production of new excitations. This stage is responsible not only for the creation of overall spatial distribution but also for emerging electric fields due to the separation of electron and hole. Thermalization stage is controlled by interaction of hot carriers with kinetic energy below the forbidden gap energy with phonons. Simple effective mass models are shown to be not applicable for the description of electron-phonon interaction and even for the prediction of group velocities of carriers with sufficient kinetic energy, so great attention was paid to the description of these properties in real crystals with complicated band structures [86] , [182] - [184] . In general, effective mass approximation results in overestimation of the thermalization length in most crystals since group velocities and mobilities of hot carriers are overestimated. A set of papers are devoted to the description of the next stage, namely, the interaction and the recombination of charge carriers, which are described using either classical rate equations [185] - [187] or kinetic Monte Carlo calculations [188] , [189] . This approach to thermalization stage makes a further step toward developing a toolkit to estimate scintillators properties [186] . We should also mention efficient techniques for simulation developed by the group from the Pacific Northwest National Laboratory, USA, and their collaborators. They develop a set of tools, including calculation of elementary cross sections and momentum-dependent energy loss functions, high-energy Monte Carlo simulation of the cascade, simulation of the thermalization, and finally a package for kinetic Monte Carlo simulation of the final relaxation stage involving recombination and luminescence [188] - [190] . Unfortunately, these calculations are hardly scalable to high energies of ionizing particles and are very specific for different materials, so simplified approaches, such as [63] , could be useful as well. Such theoretical studies are directed not only to deeper understanding of fundamental processes in scintillators but also attempt to elucidate the origin of nonproportionality and to discover ways to improve energy resolution of scintillators. Recent experimental investigations of energy resolution for different shaping times [87] , [191] and previous Scintillation Light Yield Non-proportionality Characterization Instrument experiments became a motivation for deeper development of phenomenological models of nonproportionality [192] - [194] together with microscopic models that simulate the decay kinetics and scintillation yield under excitation by γ photons with different energies [87] , [191] , [195] - [197] . The role of large-scale Landau fluctuations in tracks and their effect on the energy resolution are analyzed in [198] . The revival of interest in picosecond intraband luminescence, a process competing with thermalization, was triggered by the study of the thermalization of hot excitations and the recent need for ultrafast scintillators. Experimental and theoretical investigations [199] , [200] were stimulated by the European TICAL ERC Advanced Grant Project [201] and the COST FAST Program [202] . It was shown that intraband luminescence is most pronounced in the crystals with very low-energy optical phonons and in the systems with strongly nonuniform density of states [17] . Most of the novel scintillators are not simple crystals but solid solutions that show enhanced scintillation yield [203] . One of the possible explanations of such behavior of solid solutions is the lower thermalization length due to spatial fluctuations of the band edges [204] . Limitation of spatial dimensions plays a critical role especially in case of nanoparticles. The luminescence yield of nanoparticles under γ and X-ray irradiation is seriously decreased if nanoparticle size becomes comparable with mean free path of primary electrons [118] or with thermalization length of hot electrons [205] , [206] . The advances in quantum chemistry calculations in material science and availability of modern computer resources result in exponential growth of papers devoted to band structure calculations of ideal crystals and crystals with defects and activators. Now, there are about one and a half million electronic band structures of crystals in AFLOW database [207] , [208] , which is very useful as the first estimation of electronic properties of new scintillators. Definitely, much more reliable investigations were made for different first-principles calculations of specific crystals (see [209] as an example). Fairly good progress was achieved in first-principles calculation of activators, both rare earth ions (see [210] and [211] ) and heavy ions [212] , [213] . First-principle calculations make a step toward obtaining not only positions of energy levels, but some dynamical parameters, such as multiphonon capture and recombination rates [214] - [216] , the parameters that are very important for reliable application of above-mentioned calculations using rate equations or kinetic Monte Carlo schemes. Nevertheless, spectroscopic accuracy even of defect level positions is not achieved yet.
VI. CONCLUSION After decades of research on scintillating materials, we can conclude that the field has deeply changed, as shown in the recent handbook [217] . The evolution stems from multidisciplinary approaches tuned to the needs of specific field of applications. In this context, each subfield is still very active and variety of applications is continuously enriched. The needs of the end users are permanently changing. They also benefit from progress in other fields, such as photodetectors, signal processing, computing, or data-flow capacity. On the other side, the material science technologies have been greatly developed and stimulated by other emerging applications. Further progress and deeper understanding require to link and gather these opposite sides. Such a link requires deep theoretical studies of complex schemes of the relaxation paths of energy occurring in scintillator and description of its electronic band structure, including atomistic irregularities. From the experimental side, more extended and correlated techniques are needed for the detailed description of luminescence and scintillation characteristics in a broad range of external parameters as temperature, excitation energy, and time domain. Experimental description and understanding of the defects and related charge traps acting in scintillation mechanism and their relation to manufacturing technology are also of critical importance. The scintillation science has thus emerged.
